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Aurora B Phosphorylates Centromeric MCAK
and Regulates Its Localization
and Microtubule Depolymerization Activity
and negatively regulates MCAK during mitosis. We pro-
pose that Aurora B biorients chromosomes by directing
MCAK to depolymerize incorrectly oriented kinetochore
microtubules.
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Bipolar attachment of sister kinetochores to microtu-2 Department of Biology
bules from opposite poles (amphitelic attachment) is a3 Department of Anatomy and Cell Biology
key event to allow accurate chromosome segregation4 Department of Biochemistry and
during anaphase. Failure of this process is the predomi-Molecular Biology
nant cause of aneuploidy in cultured mammalian cellsIndiana University
[1, 2]. Kinetochores that are bound by microtubules fromBloomington, Indiana 47405
both poles (merotelic attachment) generate lagging5 Department of Chemistry
chromosomes in anaphase that are often missegregated6 Department of Pathology
(reviewed in [3–5]). Chromosomes with both kineto-University of Virginia
chores bound by microtubules from a single pole (syn-Charlottesville, Virginia 22904
telic) often have difficulty in congression, and both sis-
ters segregate to one daughter cell. Recent studies
suggest that mammalian cells resolve improper kineto-Summary
chore-microtubule attachments [6, 7], yet how kineto-
chores resolve merotelic and syntelic attachments is aBackground: Sister kinetochores must bind microtu-
critical unanswered question.bules in a bipolar fashion to equally segregate chromo-
The Aurora B/Ipl1 family of kinases has been impli-somes during mitosis. The molecular mechanisms un-
cated in this process in budding yeast and vertebrates.derlying this process remain unclear. Aurora B likely
Budding yeast deficient in Ipl1 or its partner Sli15 gener-promotes chromosome biorientation by regulating ki-
ate syntelic attachments because kinetochores are un-netochore-microtubule attachments. MCAK (mitotic
able to release improperly attached microtubules [8, 9].centromere-associated kinesin) is a Kin I kinesin that can
In metazoans, the Aurora B kinase has been inhibited bydepolymerize microtubules. These two proteins both
injection of antibodies, expression of dominant-negativelocalize to mitotic centromeres and have overlapping
proteins, transfection of siRNAs, and incubation withmitotic functions, including regulation of microtubule
small molecule inhibitors, and each of these treatmentsdynamics, proper chromosome congression, and cor-
generate chromosomes stuck at the poles [6, 10–13]rection of improper kinetochore-microtubule attach-
that have subsequently been shown to be syntelicallyments.
attached [6]. The Aurora B kinase is in a tight complexResults: We show that Aurora B phosphorylates and
with the passenger proteins INCENP and survivinregulates MCAK both in vitro and in vivo. Specifically,
[14–16], and inhibition of each protein in the complexwe mapped six Aurora B phosphorylation sites on MCAK
leads to the missegregation of chromosomes [10, 15, 17].in both the centromere-targeting domain and the neck
The Aurora B complex localizes to chromosomes in pro-region. Aurora B activity was required to localize MCAK
phase, then concentrates at centromeres in prometa-to centromeres, but not to spindle poles. Aurora B phos-
phase and metaphase, and finally moves to the spindlephorylation of serine 196 in the neck region of MCAK
midzone in anaphase where it has additional roles ininhibited its microtubule depolymerization activity. We
cytokinesis [18]. In budding yeast, substrates of Ipl1-found that this key site was phosphorylated at centro-
Sli15 that are critical for resolving improper kinetochore-meres and anaphase spindle midzones in vivo. However,
microtubule attachments include the Dam1 protein [19]within the inner centromere there were pockets of both
and Mif2 [20]. However, no metazoan homologs of Dam1phosphorylated and unphosphorylated MCAK protein,
have been identified, and how phosphorylation of thesesuggesting that phosphate turnover is crucial in the reg-
substrates relieves syntelic attachments is not known.ulation of MCAK activity. Addition of -p-S196 antibod-
MCAK, also known as XKCM1 (Xenopus kinesin catas-ies to Xenopus egg extracts or injection of -p-S196
trophe modulator-1), is a member of the Kin I familyantibodies into cells caused defects in chromosome
of kinesins, which have a kinesin-like catalytic domainpositioning and/or segregation.
located in the middle of the protein (reviewed in [21–23]).Conclusions: We have established a direct link be-
Rather than translocating on microtubules, Kin I kinesinstween the microtubule depolymerase MCAK and Aurora
depolymerize microtubules [24–27]. MCAK is a majorB kinase. Our data suggest that Aurora B both positively
mitotic microtubule regulator, as loss of function results
in spindles with extremely long microtubules, while over-*Correspondence: pts7h@virginia.edu (P.T.S.), cwalczak@indiana.
expression generates spindles with short microtubulesedu (C.E.W.)
7 These authors contributed equally to this work. [26, 27, 29]. A fraction of MCAK is also localized to
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mitotic centromeres. Inhibition of centromere bound bule depolymerase activity, and the very N terminus of
MCAK that is within the domain necessary for centro-MCAK leads to defects in chromosome congression and
segregation [28, 30, 31]. The defects in chromosome mere targeting (GST 2–116) were also phosphorylated
by Aurora B (Figure 2B). In addition, phosphorylation ofsegregation are due to merotelic and syntelic microtu-
bule attachments at kinetochores [31]. Thus, a major GST 2–263 was efficiently inhibited by the Aurora B
kinase inhibitor Hesperadin [6] (Figure S1A). These datarole of MCAK at centromeres is likely to depolymerize
improperly attached microtubules to ensure accurate suggest that the centromere-targeting domain and
kinesin neck region of MCAK are directly phosphory-chromosome segregation.
Since both Aurora B and MCAK are localized to mitotic lated by Aurora B kinase in vitro.
centromeres and are involved in common biological pro-
cesses, we have tested the hypothesis that Aurora B Aurora B Activity Is Required to Target
regulates MCAK to correct improper kinetochore-micro- MCAK to Centromeres
tubule attachments. We have identified MCAK as an The N-terminal centromere-targeting domain of MCAK
Aurora B substrate and demonstrate that MCAK activity is phosphorylated by Aurora B, which suggests that
is regulated by Aurora B phosphorylation in vitro and Aurora B may regulate the centromere localization of
in vivo. MCAK. To test this idea, we immunodepleted either Au-
rora B or MCAK from Xenopus mitotic egg extracts and
examined MCAK localization on chromatin assembled inResults
these extracts. Quantitative immunoblots demonstrated
that greater than 95% of either protein was depletedAurora B and MCAK Colocalize at Mitotic
Centromeres, Spindle Midzones, (Figure 3A), and the depleted extracts remained in mito-
sis, as they contained high levels of H1 kinase activityand Midbodies
We first costained Xenopus S3 cells [32] with antibodies (Figure 3B). The protein level of MCAK was not reduced
by the depletion of Aurora B or vice versa (Figure 3A).to both Xenopus MCAK and Xenopus Aurora B and
analyzed the extent of their colocalization by immunoflu- In control IgG-depleted extracts, the centromere local-
ization of both Aurora B and MCAK were clearly visu-orescence (Figure 1). At prophase, both Aurora B and
MCAK showed a high degree of colocalization to regions alized as brightly stained dots on each sperm nuclei
(Figure 3C). Depletion of MCAK did not affect the centro-within the inner centromere (Figure 1, prophase, merge
inset). During prometaphase and metaphase, the cen- mere staining of Aurora B; however, the centromere
signals of MCAK were abolished when Aurora B wastromere staining of MCAK decreased and also stretched
into the kinetochore, generating regions where the co- depleted (Figure 3C). The clear, discrete dot-staining
pattern of the centromere marker CENP-A was not dis-staining with inner centromeric Aurora B was reduced
(Figure 1, prometaphase and metaphase, merge inset). rupted in MCAK or Aurora B-depleted extracts, indicat-
ing that the basic organization of centromere was notCentromeres adjacent to the pole consistently stained
much brighter for MCAK than most centromeres aligned destroyed (Figure 3C). In addition, when Xenopus S3
cells were treated with Hesperadin, both the phosphory-at the metaphase plate. In anaphase, centromeres con-
tained only residual amounts of MCAK [31]. Large lation of histone-H3 on S10 (phos-H3), an established
marker of Aurora B activity [34, 35], and the centromereamounts of Aurora B and trace amounts of MCAK were
also found in the anaphase midzone (Figure 1, anaphase, signal of MCAK were abrogated (Figures 3D and 3E). In
contrast, MCAK was not displaced from spindle polesmerge inset). Both Aurora B and MCAK were found at
the telophase midbody. In addition, MCAK, but not Au- (Figure 3E). These data suggest that Aurora B kinase
activity is required to either directly or indirectly targetrora B, concentrated at spindle poles from prophase to
telophase [26, 31, 33]. We conclude that during mitosis MCAK to the centromere.
there are cellular regions that contain both Aurora B and
MCAK, supporting our hypothesis that Aurora B might Aurora B Phosphorylates MCAK on S196
regulate MCAK activity. To identify the specific sites that were phosphorylated
by Aurora B, we carried out in vitro phosphorylation
reactions with bacterially expressed MCAK GST 2–263Aurora B Phosphorylates the N Terminus
of MCAK In Vitro and subjected them to mass spectrometry. This analysis
showed that S161, T162, S177, S196, T229, and S253We then examined whether Aurora B directly phosphor-
ylates MCAK. Aurora B immunoprecipitated from Xeno- were all phosphorylated by Aurora B in vitro (Figure 4A,
data not shown). Aurora B also phosphorylated MCAKpus mitotic egg extracts phosphorylated full-length
MCAK in vitro (Figure 2B). MCAK was phosphorylated as GST 2–116 (Figure 2B), indicating that there is at least
one additional N-terminal site phosphorylated by Auroraefficiently as two commonly used Aurora B substrates,
myelin basic protein, and histone H3 (data not shown). B that was not detected by mass spectrometry.
We initially focused our analysis on S196 because thisTo identify the region(s) of MCAK that were phosphory-
lated by Aurora B, we used a set of bacterially expressed site is conserved in nearly all Kin I kinesins, and it is
located in the neck region of MCAK, which is requireddeletion mutants of MCAK as substrates in the in vitro
kinase assay. Aurora B phosphorylated the N terminus of for efficient microtubule depolymerization activity [27].
A change in charge in this region is likely to regulateMCAK (GST 2–263), but not the central catalytic domain
(GST 263–592) or the C terminus (GST 592–731) (Figures microtubule depolymerase activity [36]. To reduce the
complexity of the N-terminal sites that were phosphory-2A and 2B). The minimal domain of MCAK (MD-MCAK,
amino acids 187–592), which is required for its microtu- lated by Aurora B, we generated a point mutation at this
Centromeric MCAK Is Regulated by Aurora B Kinase
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Figure 1. Aurora B and MCAK Colocalize in the Centromere Region and Spindle Midzone during Mitosis
Cycling Xenopus S3 cells were processed for immunofluorescence with -MCAK and -Aurora B antibodies. Representative cells of the
indicated mitotic stage are shown. All images were captured and processed equivalently except for the telophase image, whose intensity
was reduced relative to the others images. Merged images show DNA (blue), MCAK (green), and Aurora B (red). The insets show enlargements
of the boxed area highlighting the overlap of Aurora B and MCAK. Arrowheads point to spindle poles. Scale bar  5 m.
site (S196A) in MD-MCAK (187-592). Aurora B could MD-MCAK protein. Because it is difficult to generate
active recombinant Xenopus Aurora B, we used thenot efficiently phosphorylate the mutated MD-MCAK
(S196A), which demonstrates that T229 and S253 are budding yeast homolog Ipl1 copurified with the yeast
INCENP homolog Sli15 (Ipl1-Sli15). The phosphorylationnot primary Aurora B targets and that S196 is the major
Aurora B phosphorylation site in this region (Figure 4B). pattern of the MCAK deletion proteins by Ipl1-Sli15 was
The full-length MCAK (S196A) point mutant could still identical to the Xenopus Aurora B kinase (Figure 4B,
be highly phosphorylated by Aurora B, confirming that data not shown). Rhodamine-labeled GMPCPP-stabi-
there are additional N-terminal phosphorylation sites lized microtubules were incubated with various combi-
(Figure S1B). nations of the three proteins for 5 or 10 min and visual-
ized by immunofluorescence (Figure 4C). The extent of
microtubule depolymerization was quantified by count-Aurora B Phosphorylation of S196 Inhibits
the Microtubule Depolymerization ing the number of microtubules per microscope field
(Figure 4D). While incubation of the microtubules withActivity of MCAK In Vitro
We next asked whether Aurora B could regulate the either Ipl1-Sli15 or buffer alone had no effect (Figure
4Ca, data not shown), incubation with MD-MCAK signifi-microtubule depolymerization activity of the Xenopus
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cifically recognized the slower migrating form of MCAK.
Both the major band and a minor 60 KD band were
absent in extracts depleted of MCAK (Figure 5A). In
addition, the -p-S196 staining on centromeres was
abolished in extracts depleted of MCAK (Figure 5E).
These data demonstrate that the -p-S196 antibody is
specific to MCAK. To further show that the antibody
was phosphospecific, we phosphorylated MD-MCAK in
vitro with Ipl1-Sli15. Upon incubation of MD-MCAK with
Ipl1-Sli15, the immunoblot signal with -p-S196 in-
creased over time and was tightly correlated to the in-
corporation of -32PO4-ATP on the substrate in a parallel
reaction (Figure 5B). In addition, the -p-S196 immuno-
reactivity in MCAK generated by Ipl1-Sli15 was abol-
ished by  phosphatase treatment (Figure 5C). Although
full-length MCAK (S196A) was efficiently phosphory-
lated by either Aurora B or Ipl1-Sli15 (Figure S1B), this
phosphorylated form of MCAK (S196A) was not recog-
nized by the -p-S196 antibody (Figure 5C). Together,
these data demonstrate that the -p-S196 antibody spe-
cifically recognizes MCAK phosphorylated on S196.
If Aurora B is the kinase that phosphorylates S196,
then Xenopus extracts depleted of Aurora B should not
be able to generate the -p-S196 immunoreactivity. We
treated the Xenopus extracts immunodepleted as in Fig-
Figure 2. Aurora B Phosphorylates the N Terminus of MCAK In Vitro ure 3A, with microcystin. When microcystin was added
to the mock IgG-depleted extracts, specific immuno-(A) Schematic outlines the major domains of MCAK and the frag-
ments of MCAK used in the kinase assays. reactivity with the -p-S196 antibody was generated.
(B) Aurora B phosphorylates the N-terminal centromere-targeting This reactivity was significantly reduced in the Aurora
and neck domains of MCAK. Aurora B was immunoprecipitated from B-depleted extracts and completely lost in the MCAK-
Xenopus mitotic extracts and used as the source of kinase in an in
depleted extracts (Figure 5D). Centromere staining withvitro kinase assay with the indicated recombinant MCAK protein as
-p-S196 was also abolished when Aurora B was de-a substrate. Autoradiogram of the kinase assay is shown.
pleted from the extracts (Figure 5E). In addition, both
the -p-S196 signal and the -phos-H3 signal were ab-
rogated when Xenopus S3 cells were treated with
cantly decreased the number of microtubules (Figure Hesperadin (Figure 5F). These data further show that
4Cb). Phosphorylation of MD-MCAK by Ipl1-Sli15 com- the antibody is highly specific and suggest that the
pletely inhibited MCAK depolymerization activity (Figure phosphorylation of centromeric MCAK at the inhibitory
4Cc). To confirm that S196 phosphorylation is responsi- S196 site in vivo is dependent on Aurora B kinase ac-
ble for the inhibition, we incubated the S196A mutant tivity.
with Ipl1-Sli15. MD-MCAK (S196A) still had significant
depolymerization activity after incubation with Ipl1-
Sli15, suggesting that Ipl1-Sli15 regulates MCAK activity Phosphorylation of S196 on MCAK Is Spatially
and Temporally Regulated during Mitosisby phosphorylating S196 (Figures 4Cd and 4Ce). We
also noticed that the MCAK S196A mutant was slightly The -p-S196 antibody is also highly specific in S3 cells,
as an -p-S196 immunoblot of an asynchronized S3 cellmore active than wild-type MCAK in the depolymeriza-
tion assays (Figures 4Cb and 4Cd). Immunoblot analysis lysate generated a single band, whereas treatment with
the phosphatase inhibitor okadaic acid generated anconfirmed that the baculovirus-expressed MD-MCAK
was partially phosphorylated on S196, whereas the additional hyperphosphorylated, slow-migrating band
(Figure 6A). By immunofluorescence, the -p-S196 anti-S196A mutant was not (data not shown). These data
suggest that Aurora B phosphorylates MCAK on S196 body brightly recognized centromeres in prophase (data
not shown). From prometaphase to metaphase, the cen-in its kinesin neck region to inhibit its microtubule de-
polymerase activity. tromeric staining decreased dramatically as chromo-
somes aligned tightly at the metaphase plate (Figure 6B).
This staining was between the two dots of a kinetochoreAurora B Dictates the S196 Phosphorylation
of MCAK In Vivo marker Ndc80, demonstrating that it is in the centromere
region (Figure 6C) [37]. Costaining of late prometaphaseTo examine the phosphorylation of MCAK by Aurora B
in vivo, we generated a phosphospecific antibody to cells using the -MCAK antibody and -p-S196 showed
that the population of MCAK recognized by -p-S196the peptide region around S196 of MCAK (-p-S196).
Treatment of mitotic egg extracts with the phosphatase was not completely coincident with -MCAK. These re-
sults suggest that unaligned chromosomes may haveinhibitor microcystin reduced the gel mobility of MCAK
(Figure 5A), suggesting that MCAK phosphorylation was regions of both phosphorylated and unphosphorylated
MCAK (Figure 6D). Centromeric staining of -p-S196 onincreased. The phosphoepitope antibody-p-S196 spe-
Centromeric MCAK Is Regulated by Aurora B Kinase
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Figure 3. Aurora B Activity Is Required to
Localize MCAK to Mitotic Centromeres
(A) Immunodepletion of MCAK and Aurora B.
Xenopus mitotic extracts were immuno-
depleted with either control rabbit IgG (IgG),
antibodies against MCAK (MCAK), or anti-
bodies against Aurora B (Aurora B). The
resulting extracts were probed with the indi-
cated antibodies by immunoblot. Mock-
depleted extracts were diluted 25-fold (lane
1), 5-fold (lane 2), or undiluted (lane 3) and
loaded on the same gel to determine the rela-
tive percentage of immunodepletion.
(B) H1 kinase assay. After immunodepletion
all of the extracts remained in mitosis as mea-
sured by high H1 kinase activity relative to an
interphase extract (IE).
(C) The centromere localization of MCAK
depends on Aurora B in Xenopus extracts.
Chromatin was assembled in the depleted
Xenopus extracts and stained with -MCAK,
-Aurora B, or -CENP-A antibodies. In the
merged images, DNA is red and antibody
staining is green.
(D) Hesperadin inhibits histone H3 phosphor-
ylation in Xenopus S3 cells. S3 cells treated
with DMSO (DMSO) or Hesperadin (Hesp)
were probed with phos-H3 antibody. In the
merged images, phos-H3 is green and DNA
is red.
(E) Hesperadin disrupts the localization of
MCAK at centromeres, but not spindle poles
in cells. S3 cells treated with DMSO (DMSO)
or Hesperadin (Hesp) were probed with
-MCAK antibody. Arrowheads point to spin-
dle poles. In the merged images, MCAK is
green and DNA is red.
unaligned chromosomes was consistently asymmetric microtubules were only lightly stained with the -MCAK
antibody; however, they stained brightly with the -p-and was brighter than on centromeres of most aligned
chromosomes (Figures 6C and 6D, data not shown). S196 antibody (Figure 6B). These data suggest that Au-
rora B also phosphorylates MCAK on midzone microtu-These data demonstrate that Aurora B phosphorylates
S196 of MCAK at the centromere during the processes bules during the processes of chromosome segregation
and spindle elongation.of bipolar attachment and chromosome congression.
The -p-S196 antibody only lightly stained the spindle
poles where -MCAK staining is prominent at all stages Addition of -p-S196 Antibodies to Xenopus
Extracts Phenocopies Inhibition of MCAKof mitosis (Figures 1 and 6B), which demonstrates that
the pool of MCAK phosphorylated at S196 is predomi- Targeting to the Centromere
To examine the mitotic consequences of blocking thenantly localized in regions where Aurora B concentrates,
such as at the centromere. This was also observed for population of MCAK that is phosphorylated on S196,
we added nonimmune IgG, -MCAK antibody, or -p-the staining pattern of midzone microtubules and the
midbody, which are the major sites of Aurora B localiza- S196 antibodies into Xenopus egg extracts after mitotic
spindle assembly. The addition of control IgG or -p-tion during anaphase and telophase (Figure 1). Midzone
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Figure 4. Aurora B Phosphorylates MCAK on S196 to Inhibit Its Microtubule Depolymerizing Activity In Vitro
(A) Schematic diagram showing the in vitro Aurora B phosphorylation sites on MCAK that were identified by mass spectrometry.
(B) S196 is the major Aurora B and Ipl1-Sli15 phosphorylation site in the minimal domain of MCAK (MD-MCAK). Recombinant MD-MCAK or
MD-MCAK (S196A) protein was phosphorylated in vitro by either Aurora B immunoprecipitated from a mitotic extract (Aurora B IP) or by
recombinant Ipl1-Sli15. The autoradiogram (32PO4) measures the degree of phosphorylation and the Coomassie-stained gel is included to
show equal loading of substrate. IgG heavy chain (IgGH) indicates equal amount of IP material in each reaction.
(C) Phosphorylation of MD-MCAK at S196 by Aurora B inhibits its microtubule depolymerizing activity. Rhodamine-labeled, GMPCPP-stabilized
microtubules were incubated with 50 nM MD-MCAK or MD-MCAK (S196A) with or without 1 nM Ipl1-Sli15 for the indicated time. (a) Buffer
alone. (b) MD-MCAK. (c) MD-MCAK  Ipl1-Sli15. (d) MD-MCAK (S196A). (e) MD-MCAK (S196A)  Ipl1-Sli15. Scale bar  10 M.
(D) Quantification of in vitro MCAK activity. The graph shows the number of microtubules per field for the 10 min time point in (C).
S196 antibodies did not affect the morphology of the inhibition of MCAK phosphorylated on S196 disrupts
chromosome congression by specifically disruptingmitotic spindle (Figures 7A, 7B, and 7E), whereas addi-
tion of -MCAK antibodies resulted in large microtubule centromeric MCAK activity.
asters, as previously reported (Figures 7D and 7E) [26].
Interestingly, the addition of -p-S196 caused a 4-fold Injection of -p-S196 Antibody Delays Mitosis,
Disrupts Chromosome Alignment, andincrease in the percentage of spindles with misaligned
chromosomes (Figures 7B and 7E). This is similar to the Generates Lagging Chromosomes
Our -p-S196 antibody also specifically recognizeddefects arising from addition of GFP-CEN, a centromere
dominant-negative MCAK fragment that displaces en- phosphorylated MCAK in PtK2 cell lysates (data not
shown). PtK2 cells were injected with -MCAK, -p-dogenous MCAK from centromeres and generates nor-
mal-sized spindles with misaligned chromosomes (Fig- S196, or control IgG antibodies and then processed for
immunofluorescence at 30 min after injection to visualizeures 7C and 7E) [30, 31]. To begin to elucidate the
mechanism of -p-S196 antibody inhibition, we added microtubules and chromosomes (Figure 8). All of the
injected antibodies were present as a soluble pool withthe antibody to in vitro dephosphorylation reactions.
We found that dephosphorylation of p-S196 by lambda no specific localization to the spindle or the centromere
(data not shown). Whereas -MCAK-injected cells hadphosphatase was significantly inhibited by the -p-S196
antibody (Figure S2). These data suggest that antibody extremely long astral microtubules generating “hairy
Centromeric MCAK Is Regulated by Aurora B Kinase
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Figure 5. Aurora B Is Required for the S196
Phosphorylation of MCAK
(A) The -p-S196 antibody specifically recog-
nizes phosphorylated MCAK in Xenopus ex-
tracts. Xenopus CSF extracts were treated
with 1 M microcystin-LR (McLR) as indi-
cated and were immunoblotted with either
-p-S196 antibody (lanes 1–3), or -MCAK
antibody (lanes 4–6). MCAK was immuno-
depleted from the CSF extract in the reaction
run in lane 3 and 6 to demonstrate that both
the major and the minor bands recognized
are MCAK.
(B) Immunoreactivity with the -p-S196 anti-
body correlates linearly with Aurora B phos-
phorylation of MCAK. The autoradiogram
(32PO4) shows a time course of the radioactive
kinase reactions that contained 32P-ATP. The
Coomassie-stained gel shows the amount of
MD-MCAK protein loaded. The immunoblot
shows a parallel nonradioactive kinase reac-
tion that was probed with the -p-S196 anti-
body. The kinase assay was quantified by
a phosphoimager, and the immunoblot was
quantified by densitometry. The signals from
the two reactions were plotted over time and
presented as the percentage of the last time
point (% total) to show that both signals in-
crease with similar kinetics (red diamond,
p-S196 immunoblot; black squares, kinase
activity).
(C) -p-S196 is specific to phosphorylated
S196 site on MCAK. Ipl1-Sli15 kinase and 
phosphatase ( PPase) were added to the
full-length MCAK or MCAK (S196A) as indi-
cated. The reactions were probed with either
-p-S196 (top) or -MCAK (bottom) antibod-
ies. An asterisk (*) indicates a proteolytic frag-
ment of MCAK.
(D) Aurora B is required to phosphorylate
MCAK on S196 in Xenopus extracts. The ex-
tracts immunodepleted in Figure 3A were in-
cubated with 1 M microcystin for 20 min
to enrich phosphorylated proteins and then
probed by immunoblot with either -p-S196
or -MCAK antibodies.
(E and F) The -p-S196 staining on centro-
meres depends on Aurora B activity and
MCAK protein. (E) Chromatin was assembled
in control IgG-depleted (IgG), MCAK-
depleted (MCAK), or Aurora B-depleted (Au-
rora B) Xenopus extracts from Figure 3A. The
-p-S196 antibody was used to probe phos-
phorylated MCAK. (F) -p-S196 and -phos-H3 staining on Xenopus S3 cells in vivo are both inhibited by Hesperadin. S3 cells treated with
either control solvent DMSO (DMSO) or Hesperadin (Hesp) and stained with -phos-H3 and biotinylated -p-S196 antibodies. Two prophase
cells are shown as examples. Shown in the merged image are phos-H3 (red), p-S196 (green), and DNA (blue).
spindles,” as previously reported (Figure 8B; [29]), the To study the injection phenotypes in more detail, non-
immune IgG or -p-S196 antibody was injected intomajority of control IgG-injected cells (Figure 8A, n  25)
and -p-S196-injected cells (Figures 8C and 8D; n 32) prophase PtK2 cells, and the timing and morphology of
mitosis was analyzed using time-lapse phase contrasthad bipolar spindles with normal astral microtubules.
Unlike control IgG-injected cells, the -p-S196-injected microscopy (Figures 8E and 8F; Movies 1 and 2). -p-
S196-injected cells exhibited a 73% increase in thecells often had chromosomes that were not fully con-
gressed to the metaphase plate. This is similar to our amount of time necessary to complete chromosome
congression to the metaphase plate (p  0.01; Tableprevious findings upon depletion of centromeric MCAK
by GFP-CEN injection [31]; however, some -p-S196- 1). Once chromosomes aligned, however, there was no
delay in the initiation of anaphase segregation of chro-injected cells exhibited abnormal spindle organization,
such as fragmented poles (22% of prometaphase cells; matids (p  0.58). Overall, chromosomes in 44% of
injected cells had difficulties aligning at the spindleFigure 8D) and monopolar spindles (13% of prometa-
phase cells; data not shown). equator (Movie 2, Table 2) and 33% of cells had chromo-
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Figure 6. MCAK Is Phosphorylated on S196 during Mitosis
(A) Immunoblot with -p-S196 or -MCAK antibodies of Xenopus S3 cell lysates. Cycling Xenopus S3 cell lysates treated with () or without
(	) Okadaic acid (OA) were probed by immunoblot with the indicated antibodies.
(B) Centromeric MCAK is phosphorylated on S196 during mitosis. Xenopus S3 cells in different stages of mitosis were probed with -tubulin
and -p-S196 antibodies. All images were captured and processed equivalently except for the telophase image whose intensity was reduced
relative to the others images. Tubulin (green), p-S196 (red), and DNA (blue) are shown in merged images. Scale bar  5 m.
(C) MCAK is phosphorylated at the inner centromere region. A late prometaphase Xenopus S3 cell was probed by immunofluorescence with
antibodies against the kinetochore protein Ndc80 (green) and p-S196 (red). The centromere near the spindle pole (box) was enlarged to show
the relative position of Ndc80 and p-S196 (C
). Line graphs indicate the relative fluorescence intensity of the centromere in C
, Ndc80 (green)
and -p-S196 (red). The dashed lines in the enlarged images indicate the position of scanning zone. Note that the bulk of the -p-S196 staining
lies between the pair of two sister kinetochores and that staining is brighter in centromeres not aligned on the metaphase plate.
(D) MCAK is partially phosphorylated on S196. A late prometaphase Xenopus S3 cell was probed with antibodies against MCAK (green) and
p-S196 (red). A centromere close to the metaphase plate (D
) and the centromere near the spindle pole (D″) were enlarged to show the relative
position of MCAK and p-S196. DNA is not shown in enlarged images to highlight the areas of MCAK and p-S196 overlap from the areas of
less phosphorylated MCAK. Scale bar  5 m. Line graphs comparing the relative fluorescence intensity, MCAK (green), and p-S196 (red).
The dashed lines in the enlarged images indicate the position of scanning zone.
somes that experienced increased oscillations across of -p-S196 caused chromosome segregation defects
despite the presence of a normal bipolar spindle (Figuresthe metaphase plate, which often led to unaligned chro-
mosomes at the time of anaphase onset (Movie 2, Table S3A–S3H). Overall, the defects in PtK2 and S3 cells
injected with -p-S196 are strikingly similar to centro-2). In addition, 11% of -p-S196-injected cells had lag-
ging chromatids at anaphase (Figure 8B, Movie 2, Table meric MCAK depletion in PtK2s [31]. We conclude that
similar to our findings in Xenopus extracts, the -p-S1962), a phenotype that is often caused by merotelic attach-
ment [1, 2, 7]. antibody does not inhibit cytoplasmic MCAK activity in
injected cells but does cause chromosome alignmentSimilar results were found upon injection of mitotic
Xenopus S3 cells. Injection of -MCAK caused a dra- and segregation defects by blocking centromeric MCAK
activity.matic increase in astral microtubules, while injection
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Figure 7. -p-S196 Antibody Addition to Extracts Causes Defects in Chromosome Positioning
(A–D) Antibodies or fusion proteins were added to extracts containing X-rhodamine-labeled tubulin and sperm nuclei after spindle assembly.
15 min after addition, all reactions were fixed and sedimented onto coverslips. Microtubules are shown in red, and the DNA was stained with
Hoechst and is shown in blue. (A) Addition of IgG to extracts does not affect spindle morphology or chromosome alignment. (B) Addition of
-p-S196 antibody does not affect spindle morphology but causes chromosome misalignment. (C) Addition of GFP-CEN causes a similar
phenotype as addition of -p-S196 antibody. (D) Addition of -MCAK antibody to the extract results in large microtubule asters.
(E) Quantitation of the phenotypes observed upon antibody or fusion protein addition after spindle assembly. The results are mean  SD for
four separate experiments in which 65 to 150 spindles were quantified for each experiment. The data are representative of at least six
independent experiments.
Discussion plasmic pools of both MCAK and Aurora B in mitotic
cells [26, 33, 38], but S196 is only highly phosphorylated
at a subset of cellular locations, including the inner cen-Recent data suggest that Aurora B/Ipl1 kinase is a criti-
cal regulator of amphitelic microtubule attachment and tromere, spindle midzone, and midbody. Even within the
mitotic centromere, the level and distribution of p-S196chromosome segregation [6, 9]. Yet how Aurora B/Ipl1
carries out this function is not understood. In this study, staining is dynamic. These data suggest that MCAK is
temporally and spatially regulated by Aurora B phos-we have identified the centromeric microtubule depo-
lymerase MCAK as an important mitotic substrate of phorylation to ensure proper chromosome segregation.
Aurora B, and propose that the phosphorylation of
MCAK by Aurora B is crucial for bipolar kinetochore- Aurora B Regulates MCAK
Centromere Localizationmicrotubule attachment.
Although current methods preclude demonstrating There are at least three pools of mitotic MCAK: cyto-
plasmic, spindle pole, and centromeric [26, 33]. Recentthat a kinase directly phosphorylates a substrate in vivo,
our data strongly argue that MCAK is a direct Aurora B studies demonstrate that centromeric MCAK is required
for correction of improper kinetochore-microtubule in-target. S196 is not phosphorylated in interphase cells
or Xenopus extracts (data not shown), indicating that teractions [31]. MCAK is targeted to centromeres by its
N terminus [28, 30]. Aurora B phosphorylates this do-the phosphorylation of MCAK at S196 is a mitotic event.
Aurora B directly phosphorylates MCAK in vitro, and main in vitro, and Aurora B activity is required to localize
MCAK to centromeres in both Xenopus extracts and in-p-S196 staining is dependent upon Aurora B activity
in mitotic cells and Xenopus extracts. There are cyto- cultured cells. Aurora B is also required to localize the
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Figure 8. Injection of -p-S196 Antibody into PtK2 Cells Perturbs Chromosome Congression and Segregation Without Altering Microtubule
Lengths in Mitotic Spindles.
Prophase PtK2 cells were injected with nonimmune IgG, -MCAK, or -p-S196 antibody.
(A–D) At 30 min postinjection, cells were fixed and processed for fluorescence of microtubules (red), DNA (blue), and the injected antibody
(not shown).
(E and F) Cells injected with IgG (E) or -p-S196 (F) were imaged by time-lapse phase contrast microscopy to examine the timing and
morphology of mitosis. Actual image times are indicated with nuclear envelope breakdown (NEB) at t  0.0 min. LCC is the time at which the
last chromosome began congression to the metaphase plate (solid arrowhead). Anaphase A proceeded in the presence of two unaligned
chromosomes (open arrowheads). A lagging chromatid persisted at the metaphase plate after segregation of chromatids (arrow). All scale
bars  10 m.
outer kinetochore proteins Mad2, BubR1, CENP-E, and this may be a general regulatory mechanism for this
family of enzymes.dynein [12, 13], so MCAK mislocalization upon loss of
Aurora B activity could be a consequence of disrupted This regulatory phosphorylation appears to occur at
mitotic centromeres in vivo. Costaining of MCAK andkinetochore structure. However, MCAK is a component
of the inner centromere and the inner kinetochore [31], p-S196 indicates that there are regions of the centro-
mere that contain MCAK that are both hypo- and hyper-and its localization is not disrupted upon inhibition of
outer kinetochore assembly [37, 39]. Whether Aurora B phosphorylated on S196, suggesting that the regulatory
phosphorylation is under spatial control at each centro-phosphorylation directly localizes MCAK must still be
resolved, and we are currently testing whether the three mere. Aurora B family members have been proposed to
be regulated by tension across the centromeric regionN-terminal Aurora B phosphorylation sites affect MCAK
centromere targeting. [9]. Our staining of phospho-MCAK is consistent with
individual centromeres having different amounts of ki-
nase activity. We are currently carrying out a quantitativeAurora B Phosphorylation Regulates MCAK
study to determine the correlations of -p-S196 stainingMicrotubule Depolymerase Activity
and relative chromosome position and movement.Three of the Aurora B phosphorylation sites on MCAK
From our antibody inhibition data we conclude thatwere mapped to the kinesin neck, a regulatory domain
regulation of MCAK by phosphorylation on S196 func-important for the function of most kinesins [23]. The
tions primarily at the centromere. If MCAK were activeS196 site fits the reported Aurora B/Ipl1 consensus se-
at centromeres without first being phosphorylated onquence very well [19], and the single point mutation,
S196, we would not expect a phenotype from -p-S196S196A, abolishes the Aurora B/Ipl1 phosphorylation in
injection. Yet, the-p-S196 antibody phenocopied dom-the neck region, indicating that S196 is the primary phos-
inant-negative studies in both extracts and cells de-phorylation site. Phosphorylation of this site strongly
signed to specifically displace MCAK from centromeresinhibits the microtubule depolymerase activity of MCAK.
Since S196 is highly conserved among Kin I kinesins, [30, 31]. Loss of cytoplasmic MCAK activity in both ex-
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Table 1. Analysis of Mitotic Progression in Uninjected, IgG-Injected, and -p-S196-Injected Cells
Control Control IgG- -p-S196- T test
Uninjected Cells Injected Cells Injected Cells IgG versus
Measurement (min) (Average  SEM) (Average  SEM) (Average  SEM) -p-S196 Trend
Time between NA 21.0  5.8 8.5  2.1 p  0.06
injection and NEB
Time between NEB 11.6  0.9 11.3  1.1 19.6  2.0 p  0.01 8.3 min (73%) increase
and LCC
Time between LCC 16.0  1.2 16.4  1.3 17.8  2.2 p  0.58 no change
and Ana A
Total Time between 27.6  1.4 27.7  2.1 37.5  3.4 p  0.05 9.8 min (35%) increase
NEB and Ana A
Sample size 19 14 14
(number of cells)
Mitotic progression was analyzed in uninjected cells and in cells injected with nonimmune IgG or -p-S196 antibody as indicated above.
Abbreviations: NA, not applicable; NEB, nuclear envelope breakdown; LCC, time at which the last unaligned chromosome initially attempted
to congress; and Ana A, time at which sister chromatids first began to segregate.
tracts and cells rapidly leads to greatly elongated spin- lates its activity [34, 40, 41]. PP1 is also specifically
localized to the outer, but not the inner, centromere [42].dle microtubules [26, 29]. Since we did not see that
phenotype, the-p-S196 antibody must not be inhibiting Improper microtubule attachment could pull PP1 into
areas of inactive MCAK or stretch inactive MCAK intocytoplasmic MCAK. Instead, our results, in combination
with the abundance of p-S196 localization at the centro- areas of active PP1 to locally activate microtubule de-
polymerase activity. Alternatively, a recently identifiedmere, suggest that the antibody specifically inhibits cen-
tromeric MCAK function. The finding that the antibody centromere protein ICIS (inner centromere KinIstimula-
tor) has been shown to stimulate MCAK activity in vitroblocks MCAK dephosphorylation at S196 indicates that
the antibody locks MCAK in the inactive state and likely [43]. Since ICIS associates with both Aurora B and
MCAK, an alternative MCAK activation mechanism in-sequesters the MCAK pool that cycles through the phos-
phorylated state. It follows from this hypothesis that volving ICIS may exist in vivo. Identifying the centro-
meric activator of MCAK is an exciting direction for fu-allowing the -p-S196 antibody to incubate in extracts
for longer periods of time would allow more MCAK to ture study.
cycle through the centromere, become phosphorylated
and inactivated, and the extract would accumulate long Regulation of Chromosome Biorientation
Chromosome biorientation or bipolar kinetochore at-microtubules. This is exactly what we find (data not
shown), and this also confirms that the MCAK with the tachment is essential for equal segregation of duplicated
genomes. Based on previous data and data presentedantibody bound is deficient of depolymerase activity.
Thus, our data suggests that most functional MCAK at in this study, we propose a model for the regulation of
MCAK activity by Aurora B phosphorylation. Aurora Bthe centromere must cycle through the phosphorylated
and thus, inhibited, state. localized to centromeres phosphorylates MCAK on mul-
tiple sites to facilitate centromere loading of MCAK. ThisOur data predicts that centromeric MCAK is activated
by a phosphatase that removes the phosphate from ensures that MCAK is placed on the centromere in an
inactive state that allows kinetochores to bind microtu-S196. An interesting candidate is protein phosphatase
1 (PP1). PP1 antagonizes Aurora B function and regu- bules during prometaphase. Syntelic or merotelic at-
Table 2. Morphological Analysis of Time-Lapse Mitosis in Uninjected, IgG-Injected, and -p-S196-Injected Cells
Observed Phenotypes Control Uninjected Cells Control IgG-Injected Cells -p-S196-Injected Cells
Alignment Defects (% cells)
Chromosomes lingering at poles 0 0 11.1
Multiple attempts to congress 0 0 16.7
Bad alignment with high oscillations 0 7.1 33.3
Not all chromosomes congress before Ana A 0 0 5.6
Total % cells with alignment defects 0 7.1 44.4
Segregation Defects (% cells)
Lagging chromosomes and/or chromatids 0 0 11.1
Total % cells with segregation defects 0 0 11.1
Pole-to-pole distance at Ana A (avg m  SEM) 15.7  0.4 14.9  0.6 13.3  0.5
Sample Size (number of cells) 19 14 14
Alignment and segregation defects were analyzed in uninjected cells and in cells injected with nonimmune IgG or -p-S196 antibody as
indicated above. In order to measure the pole-to-pole distance, positions of the spindle poles were inferred from the pattern that develops
due to the clearing of organelles and vesicles from the area of the mitotic spindle.
Current Biology
284
Immunoblotting was carried out as described [16]. -p-S196 wastachment would lead to the local activation of MCAK to
used at 4 g/ml, -MCAK at 1 g/ml, -Aurora B at 0.2 g/ml, anddepolymerize the incorrectly attached microtubule. This
-phospho H3 at 1:1000.cycle repeats until proper amphitelic attachment is
achieved. Microtubule Destabilization Assays
We favor a model in which there are redundant path- Destabilization assays were performed essentially as described pre-
ways in vertebrates where Aurora B regulates kineto- viously [24]. MD-MCAK and MD-MCAK (S196A) were diluted in FPLC
buffer to a working stock of 750 nM. Ipl1-Sli15 was diluted (1:50)chore-microtubule binding through MCAK and additional
into CSF-XB (10 mM HEPES [pH 7.7], 2 mM MgCl2, 0.1 mM CaCl2,substrates at the kinetochore. Blocking centromeric
100 mM KCl, 5 mM EGTA, and 50 mM sucrose) to make a workingMCAK function generates chromosome congression
stock of 150 nM. A 15 l microtubule destabilization assay was
and segregation defects that are less severe than inhib- used in which the final concentration of MCAK was 50 nM, and the
iting Aurora B, suggesting that there are additional Au- final concentration of Ipl1-Sli15 was 1 nM (0.2 g/ml). The reaction
rora B targets [6, 11–13, 28–31]. In budding yeast, Ipl1 buffer contained BRB80, 1 mM DTT, 133 g/ml casein, 1.5 mM Mg-
ATP, and 1.5 M rhodamine-labeled, GMPCPP-stabilized microtu-phosphorylates three subunits of the Dam1 microtu-
bules. The kinase and MCAK were preincubated in reaction bufferbule-interacting complex and Mif2 of the Mtw1 complex,
without microtubules for 5–10 min at RT, and then the destabilizationbut how this affects biorientation is unclear [19, 20].
assay was initiated by the addition of microtubules. Reactions were
In vertebrates, the motor proteins CENP-E and dynein allowed to incubate at RT for 5–30 min and then 2 l of each reaction
depend on Aurora B for proper kinetochore localization was squashed under a coverslip. Images were taken at equal expo-
[12, 13]. Both proteins are involved in chromosome sure times on the imaging system described below. 3 to 5 pictures
were taken for each time point, and representative figures from fourmovements, but neither of them has been implicated in
individual experiments are shown. For quantification, the numberbiorientation [44]. Identifying novel kinetochore-micro-
of microtubules per 71  56 m field from three individual photo-tubule interacting activities that are regulated by Aurora
graphs for each sample was counted. The data represent mean 
B is crucial to decipher the mechanism of chromosome SD of those samples.
biorientation in vertebrates.
Immunofluorescence and Image Acquisition
Conclusion Immunofluorescence of asynchronous S3 cells was carried out es-
sentially as described [16]. -p-S196 (4 g/ml), -tubulin antibodyWe have established that the vertebrate Aurora B kinase
DM1 (1:250), and -MCAK-CT (1 g/ml) were used. For doubleregulates the microtubule depolymerase activity of the
staining with biotinylated rabbit antibody, biotinylated -p-S196centromeric fraction of MCAK by direct phosphoryla-
(5 g/ml), biotinylated -Aurora B (1 g/ml), and biotinylated
tion. Our data provide a working model of how MCAK
-Ndc80 (1 g/ml) were used. The unlabeled antibody was pro-
activity is regulated in mitosis and a molecular explana- cessed for immunofluorescence, followed by the Avidin/Biotin
tion of how Aurora B activity is involved in regulating the blocking kit (Vector Laboratories, Burlingame, CA), incubation with
the biotinylated primary antibody, and finally avidin-Cy3 (Jacksonbiorientation of kinetochore-microtubule attachments.
Labs) was used at 1:10,000 as a secondary antibody to visualize
the biotinylated primary antibody. Images were collected using anExperimental Procedures
E600 Eclipse microscope (Nikon, Tokyo, Japan) equipped with a
CH350 cooled charged-coupled device camera (Photometrics, Tuc-Kinase Assays and Phosphatase Treatment
son, AZ) and a computerized Z-motor (Conix Research, Springfield,Aurora B immunoprecipitation kinase assays were carried out as
OR). A 100/1.40 Nikon Plan Apo oil immersion lens was used fordescribed [16], and all reactions contained 50 pmol of the indicated
all images. Maximum stack images were generated from 0.3 msubstrate. A bicistronic vector expressing both 6his-Ipl1 and 6his-
interval Z sections and analyzed using MetaVue 4.5 software (Uni-Sli15 was constructed in Pet28, the protein was expressed in BL21,
versal Imaging, Downingtown, PA).and purified on Qiaexpress Ni-NTA agarose beads according to the
Immunofluorescence analysis of injected S3 or PtK2 cells wasmanufacturer’s instructions (Qiagen, Chatsworth, CA), followed by
carried out essentially as described [31], with the exception thatSuperose 6 gel filtration chromatography (Amersham Biosciences,
2% formaldehyde fixation was used when staining with -p-S196.Piscataway, NJ) as described [16]. 0.1 g Ipl1-Sli15 was used for
-p-S196 (50 g/ml), DM1 (1:500), and -MCAK-NT [26] (5 g/ml)each kinase reaction. For phosphatase treatment, 1 l of bacterially
were used. Cells were imaged on a multimode time-lapse fluores-expressed recombinant  protein phosphatase (-PPase) and 10
cence microscope system consisting of a Nikon E-600 microscope-PPase buffer (500 mM Tris-HCl [pH 7.5], 1 mM Na2EDTA, 50 mM
equipped with a 100/1.3 NA Plan Fluor oil objective (Nikon, Tokyo,DTT, and 0.1% Brij 35) supplemented with 10 MnCl2 (20 mM) was
Japan). Fluorescence images were collected digitally with a Micro-added to each reaction, incubated at 30C for 1 hr and stopped by
max 1300 Y cooled CCD camera (Roper Scientific, Inc., Trenton,adding 2 SDS-PAGE sample buffer. Hesperadin was prepared as
NJ). Z series optical sections were obtained at 0.5 m steps, then1 mM stock in DMSO and used at the indicated concentration.
3D reconstructed with MetaMorph software (Universal Imaging,
Downingtown, PA) and a stepping motor (Prior Scientific Instru-Phosphopeptide Antibody Production, Affinity
ments, Rockville, MD).Purification, and Biotinylation
Phosphorylated peptide (QGRRKpSNIVKE-C) was synthesized by
the Protein Chemistry Core Laboratory (Baylor College of Medicine, Chromatin and Spindle Assembly in Xenopus Egg Extracts
Xenopus CSF extracts were prepared fresh as described [46, 47].Houston, TX), and coupled to mcKLH (Pierce, Rockford, IL) ac-
cording to the manufacturer’s instructions. Rabbit polyclonal anti- Rhodamine-labeled tubulin was added to 0.05 mg/ml. For spindle
assembly, the extract was first cycled into interphase and then backbodies were made by Covance Research Products (Denver, PA). A
phosphopeptide affinity column was made by coupling the phos- into mitosis by the addition of fresh CSF extract. Fusion proteins
(final concentration of 2 M) or antibodies (final concentration ofphopeptide to the SulfoLink coupling gel according to the manufac-
turer’s instructions (Pierce, Rockford, IL). The immune serum was 100 g/ml for IgG or -p-S196, 40 g/ml for -MCAK) were added
to the extract at 75 min after the second CSF addition, and spindlesfirst passed through a GST-MD-MCAK column and subsequently
purified on the phosphopeptide affinity column as described [45]. were allowed to assemble for an additional 15 min prior to sedi-
menting onto coverslips. Visualization of the GFP fusion proteinsFor double staining with other rabbit antibodies, affinity-purified
-p-S196 was biotinylated using the Mini-Biotin-XX protein labeling was enhanced by staining with anti-GFP antibodies (1/200, Molecu-
lar Probes, Eugene, OR). Xenopus MCAK and Aurora B were de-kit (Molecular Probes, Eugene, OR) according to the manufacturer’s
instructions. pleted from 130 l of CSF extracts by two consecutive 20 min
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incubations at 4C with 15 l of Affi-prep protein A beads (Bio-Rad, segregation, overrides the spindle checkpoint, and perturbs
microtubule dynamics in mitosis. Curr. Biol. 12, 900–905.Hercules, CA). A total of 1g of affinity-purified -Aurora B, -MCAK
or control IgG /l of beads were covalently coupled. Chromatin was 12. Murata-Hori, M., and Wang, Y.L. (2002). The kinase activity of
aurora B is required for kinetochore-microtubule interactionsassembled and processed for immunofluorescence as described [37].
during mitosis. Curr. Biol. 12, 894–899.
13. Ditchfield, C., Johnson, V.L., Tighe, A., Ellston, R., Haworth, C.,Supplemental Data
Johnson, T., Mortlock, A., Keen, N., and Taylor, S.S. (2003).Supplemental Data including figures, movies, and Experimental
Aurora B couples chromosome alignment with anaphase byProcedures are available at http://www.current-biology.com/cgi/
targeting BubR1, Mad2, and Cenp-E to kinetochores. J. Cellcontent/full/14/4/273/DC1/.
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